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Abstract: In this work, the degradation performance for the photocatalytic oxidation of eight micro-
pollutants (amisulpride, benzotriazole, candesartan, carbamazepine, diclofenac, gabapentin, methly-
benzotriazole, and metoprolol) within real secondary effluent was investigated using three different
reactor designs. For all reactor types, the influence of irradiation power on its reaction rate and
energetic efficiency was investigated. Flat cell and batch reactor showed almost similar substance
specific degradation behavior. Within the immersion rotary body reactor, benzotriazole and methyl-
benzotriazole showed a significantly lower degradation affinity. The flat cell reactor achieved the
highest mean degradation rate, with half time values ranging from 5 to 64 min with a mean of
18 min, due to its high catalysts surface to hydraulic volume ratio. The EE/O values were calcu-
lated for all micro-pollutants as well as the mean degradation rate constant of each experimental
step. The lowest substance specific energy per order (EE/O) values of 5 kWh/m3 were measured
for benzotriazole within the batch reactor. The batch reactor also reached the lowest mean values
(11.8–15.9 kWh/m3) followed by the flat cell reactor (21.0–37.0 kWh/m3) and immersion rotary body
reactor (23.9–41.0 kWh/m3). Catalyst arrangement and irradiation power were identified as major
influences on the energetic performance of the reactors. Low radiation intensities as well as the use of
submerged catalyst arrangement allowed a reduction in energy demand by a factor of 3–4. A treat-
ment according to existing treatment goals of wastewater treatment plants (80% total degradation)
was achieved using the batch reactor with a calculated energy demand of 7000 Wh/m3.

Keywords: photocatalysis; micro-pollutant treatment; titanium dioxide; reactor design; energy per
order; immobilized catalyst

1. Introduction

Within our industrialized society, thousands of chemical compounds are used daily
for industrial and household purposes. Within the European Union, for example, over
100 thousand unique substances are registered within the European Community (EC)
inventory [1]. Some of these substances, such as pharmaceuticals, industrial chemicals, and
pesticides, enter the wastewater stream and can be discharged into downstream aquatic
systems due to inadequate treatment performance of conventional wastewater treatment
technologies [2,3]. Despite their low concentrations with a range of ng/L to µg/L, these
micro-pollutants represent a challenge for future water and drinking water protection [4].
An additional treatment stage for municipal wastewater is necessary as an important
barrier to the emission of these pollutants. This (4th) treatment stage is usually arranged
after the biological treatment stage of wastewater treatment plants. The state of the art
of treatment mostly consists of adsorptive processes, which use granulated or powdered
activated carbon, and oxidative processes, which use ozone [5–7]. The cumulative energy
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demand of a large-scale ozonation can be assumed to be 50–100 Wh/m3 [8]. For this
application, a biological post treatment, in most case an aerated sand filtration, is necessary
due to transformation products, which requires a cumulative energy consumption of
20–50 Wh/m3 [8]. Powdered activated carbon (PAC) applications also require the use of
sand filtration, which can be associated with an energy demand of 120 Wh/m3. Further
relevant energy consumption occurs during the production of activated carbon and can be
quantified as 350 Wh/m3 (primary energy/treated wastewater) [8]. These values can be
seen as a first point of comparison towards the state of the art.

Advanced oxidation processes (AOP), which use cold oxidation by hydroxyl radicals as
a core mechanism, are not yet used on a broad industrial scale within municipal wastewater
treatment [9]. The main advantage of these applications is the higher oxidation potential
of the hydroxyl radicals, which in principle allows a complete mineralization of treated
pollutants to CO2, water, and mineral salts [9,10]. During photocatalysis on titanium
dioxide, irradiation of the catalyst with UV-A light (320–400 nm) leads to charge separation
and, thus, to the formation of electron holes and free electrons [11]. The use of this process
is possible in several variations. Existing developments can be differentiated in terms of the
light source (wavelength, natural/artificial, type), the catalyst (TiO2-based/other material,
immobilized/suspended, size), and the reactor design and operation [12]. The emphasis of
this work is the use of immobilized TiO2 and UVA-LEDs as light source for the treatment of
micro-pollutants in wastewater. A comparison of reactor systems is possible by a number
of performance indicators [12,13]. In the context of economic competitiveness, the energy
efficiency is an important parameter if artificial irradiation is used Wang et al. 2021 [14].
The electrical energy required to degrade a pollutant by a factor of 10 in relation to the
volume of water treated is called electrical energy per order (EE/O) and is usually given as
a characteristic value [14]. Within the literature, values from 5 ∗ 104 up to 10−1 kWh/m3 are
reported for different pollutants and reactor systems [14]. Most of these systems described
in [12] are in the range of 10–50 kWh/m3. In addition to the pollutant treated and the type
of reactor, degradation rates and, thus, energy efficiencies get influenced/decreased by a
variety of other parameters, especially matrix influences [15,16]. A realistic assessment of
the suitability of photocatalytic processes for wastewater treatment consequently requires
an investigation of a wide range of micro-pollutants in real matrix. [17] achieved EE/O
values of 0.21 kWh/m3 for diclofenac and 2.1 kWh/m3 for carbamazepine using suspended
TiO2 and UVC-lamps when treating river water with a photocatalytic membrane reactor
module. In contrast, [18] stated, that no strictly photocatalytic experiment measured EE/O
values lower than 10, except the experiments of [19], which was conducted using ultrapure
water at pH 3.8. [20] measured EE/O values of 15–57.3 kWh/m3 for the treatment of
azithromycin, trimethopirm, oflaxacin, and sulfamethoxazole within secondary effluent
via suspended TiO2 photocatalysis.

The content of this work is the comparison of three reactor types for the photocat-
alytic degradation of eight micro-pollutants based on experimental measurement data
within secondary effluent. The catalyst used was immobilized TiO2, which is suitable for
wastewater treatment due to its low resource cost and toxicity, if nanoparticulate emission
can be avoided. The focus lays on the energetic efficiency of these applications, since
this parameter has a significant influence on the economic competitiveness compared to
conventional processes of the 4th treatment stage. The energetic comparison is carried out
in this work using the EE/O methodology. It must be noted that, at least for the German
context, a degradation of 90% is substantially beyond currently discussed cleaning targets.
Existing requirements for the degradation performance of these applications require an 80%
elimination of a selection of indicator substances relative to the raw wastewater [21,22]. A
detailed comparison with conventional treatment technologies requires a detailed configu-
ration of a photocatalytic treatment stage considering variable degradation performances of
upstream biological stages and, thus, exceeds the scope of this work. As a rough estimate,
it can be assumed that a 20% average micro-pollutant degradation is achieved within the
biological stage of a wastewater treatment plant [2,8]. Assuming 75% elimination within a
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(photocatalytic) 4th treatment stage (relative to secondary effluent), this results in a total
degradation of 80%. Assuming pseudo 1st order reaction kinetics, which applies for the
photocatalytic treatment of most micropollutants, a non-linear reduction of the energy
demand of about 40% for a reduced elimination rate (90% to 75%) is to be expected.

2. Methods
2.1. Chemicals and Materials

A more detailed description of the catalyst material used is given in previous works [23,24].
It consists of a suspension of anatase-modified titanium dioxide nanoparticles of 14 nm
diameter and an anatase content of the titanium dioxide of 90%, which is coated onto a
stainless-steel mesh. The V4A steel mesh had a mesh size of 200 µm and a wire thick-
ness of 100 µm. A 10 µg/L terbutryn (Sigma Aldrich, St. Louis, MO, USA) solution in
methanol was used within analysis as an internal standard. Further analytical purity
chemicals were used for calibration: amisulpride (Gentham Life Science, Corsham, UK),
benzotriazole (Gentham Life Science), candesartan (BLD Pharma, Hyderabad, India), carba-
mazepine (Sigma Aldrich), diclofenac (Cayman Chemical Company, Ann Arbor, MI, USA),
gabapentin (Gentham Life Science), 1-methylbenzotriazole (Chempure, Bengaluru, India),
and metoprolol (Sigma Aldrich).

2.2. Experimental Set-Up and Procedure

The investigations were carried out in different time series in 2019, 2020, 2021, and
2022. The investigated wastewater was always taken during dry weather conditions from
the effluent of the wastewater treatment plant Weimar-Tiefurt and were filtered (50 µm)
before use. The treatment plant has a capacity of 100,000 inhabitants. It consists of a
mechanical treatment stage and a double channel cascade biological treatment system with
horizontal secondary sedimentation. In total, three different reactor systems were used:

• Laboratory scale batch reactor
• Laboratory scale flat cell reactor
• Semi-technical photocatalytic immersion rotary body reactor

Data regarding the individual cleaning performance are already published for the flat
cell [24] and the immersion rotary body reactor [23].

As shown in Figure 1, the laboratory batch reactor consists of an aluminum cylinder
with a diameter of 14 cm and a hydraulic volume of 500 mL. The irradiated catalyst area is
0.0154 m2. The reactor is stirred continuously at 300 rpm. Six LEDs with a total electrical
power of 12 W are installed and the power can be manually controlled. The catalyst is
placed horizontally, submerged in the reactor 5 mm below the water surface. The reactor
was investigated in batch mode. Before starting the experiment, the reactor was flushed
with wastewater. Afterwards, a 30-min concentration equilibration was performed whereby
the reactor was mixed and not irradiated. Subsequently, a photocatalytic treatment was
carried out for 90 min, with 5 mL of sample material being taken every 15 min.

The flat cell reactor studied, as shown in Figure 2, consists of a pleated steel mesh
coated with TiO2 and eight UV-A LEDs (365 nm). The catalyst is placed inside a stainless-
steel enclosure with glass windows on both sides. The edge length is 11.5 cm, and the
hydraulic volume is 200 mL. The pleated design of the catalyst allowed a surface area of
0.0181 m2 to be arranged on a base area of 0.0128 m2. On each side of the reactor, 4 UV-A
LEDs (1.8 W each) were evenly spaced at 8 cm distance. The reactor was constantly fed
via peristaltic pump. Within the experiments, a hydraulic residence time of 12.17 min was
set. After a run time of 30 min, which ensured a stationary reactor condition, the inlet and
outlet of the reactor were sampled.
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Figure 2. Schematic 3D-Model of the photocatalytic flat cell reactor.

The photocatalytic immersion body reactor in Figure 3 consists of 12 rotating discs of
36 cm diameter on which the catalyst material is placed on both sides. Total catalyst area is
2.44 m2, of which about 50% is irradiated via UV-A LED arrays. The hydraulic part of the
reactor is divided into 12 cascades, which are flown through in series with a total volume
of 25 L. Investigation and sampling were carried out in the following steps: replace reactor
volume with fresh wastewater, start reactor feed and operation and let run for 90 min, stop
the reactor feed and operation, and sample. For this reactor, one sample is taken from every
second of the twelve cascades. In contrast to previous laboratory applications, continuous
feeding continues to take place directly from the effluent of the Weimar-Tiefurt wastewater



Water 2022, 14, 2681 5 of 15

treatment plant, whereas in the laboratory scale sample, the material was fed to the reactors
via a tank, which was taken as a quick sample (about 20 L).
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The experimental program is divided according to the reactor type. For the batch
reactor, the degradation of micro-pollutants was investigated under the influence of the
electrical irradiation power at constant treatment time. For the other continuous flow
reactors, a variation of the irradiation power at a constant feed rate was also carried out. An
overview of the investigated parameters can be seen in Table 1. The investigated radiation
power per reactor volume was varied for different reactor systems. There are overlapping
ranges for all reactor systems with a total magnitude of about 3.08–57.60 kW/m3. The LED
power relative to the irradiated catalyst area was also similar for the batch and immersion
rotary body reactor (100–300 W/m2). In the experiment with the flat-cell reactor, higher
LED powers per catalyst area of up to 636 W/m2 were additionally investigated.

The values of the catalyst area-related irradiation power must be understood as a
coefficient for reactor configuration and do not represent the actual average irradiation
intensity on the respective catalysts. Due to the emission angle of the LEDs being 120◦ and
the LED gap being 8 cm for the flat-cell reactor, considerable lateral losses are to be expected
here. Furthermore, adsorption and reflection dynamics or other geometric characteristics
of irradiation sources are not considered within this value.
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Table 1. Experimental reactor operation and geometric parameters.

Batch Reactor

Number LED-power per irradiated
catalyst area [W/m2]

Irradiated catalyst area per
hydraulic volume [m2/m3]

LED-power per hydraulic
volume [kW/m3] Treatment time [min]

1.1 99.94
30.79

3.08 90
1.2 199.88 6.15 90
1.3 299.82 9.23 90

Immersion Rotary Body Reactor

Number LED-power per irradiated
catalyst area [W/m2]

Irradiated catalyst area per
hydraulic volume [m2/m3]

LED-power per hydraulic
volume [kW/m3]

Hydraulic retention
time [min]

2.1 87.83
48.86

4.29 59.76
2.2 197.89 9.67 64.10
2.3 303.72 14.84 63.83

Flat-Cell Reactor

Number LED-power per irradiated
catalyst area [W/m2]

Irradiated catalyst area per
hydraulic volume [m2/m3]

LED-power per hydraulic
volume [kW/m3]

Hydraulic retention
time [min]

3.1 159.12

90.50

14.40 12.17
3.2 318.23 28.80 12.17
3.3 477.35 43.20 12.17
3.4 636.46 57.60 12.17

2.3. Analytical Methods

The micro-pollutant analysis for the flat-cell and immersion rotary body reactor
experiments was conducted using LC-MS/MS analogous to previous publications [24].
The HPLC was a Dionex R3000 system (ThermoFischer, Waltham, MA, USA) with gradient
pump and autosampler. The HPLC eluent was ultrapure water with 1 mmol/l ammonium
acetate and acetonitrile with 0.1% acetic acid. A Synergy 2.5 µm hydro PP column (Phe-
nomenex, Aschaffenburg, Germany) measuring 100 2 mm was used as analytical separation
column. The flow was 0.25 mL/min, and the gradient was run from 4% acetonitrile to 96%
acetonitrile in 28 min. The injection volume was 100 µL sample, which was mixed with
10 µL internal standard. An API 4000 triple quadrupole mass spectrometer (Sciex, Framing-
ham, MA, USA) with electro spray ionization was used for detection. For each substance,
two multiple reaction monitoring mass transitions were evaluated. The micro-pollutant
measurements of the batch reactor experiments were carried out by the commercial labora-
tory “GWA Umweltanalytik Luisenthal” following [25]. The following substances were
analyzed: amisulpride, benzotriazole, candesartan, carbamazepine, diclofenac, gabapentin,
1-methylbenzotriazole, and metoprolol. All analytical measurements were carried out at
least in duplicate.

2.4. Kinetic and Modelling

The kinetics of heterogeneous photocatalytic degradation can be described by the
Langmuir–Hinshelwood (L–H) model [26,27], where the reaction rate of the parent sub-
stances can be calculated as follows:

r = −dC
dt

= kLH
KLCp

1 + KLCp + ∑n
i=1 KiCi(i = 1, n)

(1)

The reaction rate r is determined by the specific reaction constant kLH , the Langmuir
constant KL, and the equilibrium concentration Cp. The constant kLH is significantly influ-
enced by the formation and recombination rate of radicals. These are again significantly
influenced by the activity of the catalyst, the radiation power, and the concentration of
electron acceptors in the liquid matrix. The constant KL describes the substance-specific
adsorption capacity of the reactant on the catalyst material. Ki and Ci are the Langmuir
constant and the concentration of every substance within the solution. However, the appli-
cation of this model in practice is very difficult, because, on the one hand, in a wastewater
matrix in the rarest cases, all ingredients can be determined and the adsorption of the in-



Water 2022, 14, 2681 7 of 15

vestigated micro-pollutants on the catalyst within the present concentration ranges cannot
be measured. However, according to the observations of many authors, the practically
observed reaction follows the first order [26]. Thus, the following simplification is assumed:

r = −dC
dt

= kLHKLCp = kCp (2)

For easier readability of measured reaction rates, they have been presented within this
work as half-lives according to Formula (3):

T1/2 =
ln 2

k
(3)

In order to compare the efficiency of different reactor systems, it is necessary to balance
the amount of energy used, in this case electrical irradiation power, per unit volume of
treated wastewater. The volume-specific energy requirement is calculated according to the
following formula:

Espez =
PA ∗ AV ∗ VR

Q
(4)

Here, PA is the electrical radiation power per catalyst surface, AV is the catalyst area
used per volume, VR is the reactor volume, and Q is the volumetric flow rate. Assuming
a 90% degradation rate, the feed rate can be calculated from reactor volume and reaction
rate on a substance-specific basis. Under this assumption, Formula (5) can be represented
as follows:

EE/Oi = PA ∗ AV ∗ Ti (5)

where, Ti is the treatment or hydraulic retention time to achieve a given degradation ratio
of a micropollutant within a specific experimental set-up. By means of Formula (6), an
energy balance for a batch reactor is also possible. For flow reactors this balancing is only
valid if a plug-flow behavior can be assumed. This proof as well as the corresponding
1st order reaction rate constants have been provided experimentally for the flat cell re-
actors within [24]. The 1st order reaction rate constants for immersion rotary body were
determined in [25]. The time Ti was calculated using Formula (6):

Ti =
ln(1 − ηi)

ki
(6)

Here ηi is the degradation ration (0.9 for calculation of the EE/O-values) and ki reaction
rate constant. The first order reaction rate constants for the batch reactor were calculated
using the following formula:

y = A1 ∗ exp
(
− (x − x0)

t1

)
(7)

where x is equal to the treatment time within the batch reactor. The correlation was
conducted using the Origin Pro software.

In Figure 4, the concentration curves and parameter estimations for the batch reac-
tor are shown exemplary. For carbamazepine, inconsistent concentration curves were
measured. As shown in Figure 4A, in two experiments, an increase of concentration oc-
curred during the photocatalytic treatment. These increases may be explained, by the
presence of oxcarbazepine, among other predecessor substances, within these wastewater
samples. Consequently, carbamazepine was not included in the evaluation of the batch
tests. For all reactors, 1st order reaction kinetic was applied and experimental proven.
All experimental parameters (Table S1), measured concentrations (Table S2) as well as
the corresponding half-live constants and fitting parameters (Table S3) are shown in the
Supplementary Materials.
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3. Results

In Figure 5, the measured micro-pollutant concentrations in the effluent of the wastew-
ater treatment plant Weimar-Tiefurt are shown. There were high loads of benzotraizole,
diclofenac, and gabapentin. The initial concentrations of the flat cell reactor experiments
were elevated for amisulpride, benzotriazole, candesartan, and carbamazepine compared
to the other samples. Especially the parameters benzotriazole and gabapentin showed
high fluctuations. Compared to typical effluent concentrations reported in [2], similar
values were measured for all the micropollutants except diclofenac and carbamazepine,
which were detected in higher concentrations. Overall, representative micro-pollutant
concentrations of the secondary effluent were observed.

The photocatalytic reaction constants for all three reactor systems operated with simi-
lar electrical irradiation power per hydraulic volume are presented as halftime values in
Figure 6. A higher reaction rate of many substances is evident for the flat cell reactor. For
benzotriazole and diclofenac, similar degradation rates were measured for flat cell and
batch reactor. Similar half time values were achieved for carbamazepine, amisulpride, and
gabapentin within flat cell and immersion rotary body reactor. Interestingly, benzotriazole
and methlybenzotriazole showed significantly lower degradation affinity within the im-
mersion rotary body reactor. Overall, a reactor- and substance specific reaction behaviour
was found.
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In Figure 7A the mean 1st order reaction constants for all experimental steps are shown
in relation to each electrical irradiation power. Similar to Figure 6, overall higher values
were achieved for the flat cell reactor. The progression of curves indicates an overlapping
behaviour at similar radiation powers for batch and flat cell reactor. The immersion rotary
body reactor showed overall lower mean reaction rates. For all reactors, an increase in
radiation power was associated with higher degradation rates. For the flat cell, as well
as the immersion rotary body reactor, efficiency losses at higher radiation powers can be
observed. This effect can be caused by the quantum efficiency of the catalysts, diffusion
processes, or substances specific adsorption affinities. In Figure 7B, the influence of varying
irradiated catalyst area to hydraulic volume (A/V) ratios was corrected assuming a linear
relation to the mean 1st order constants. The A/V values of the batch (30.8 m2/m3), flat
cell (90.5 m2/m3), and immersion rotary body (48.9 m2/m3) were scaled to an intermediate
value of 50 m2/m3. It is evident that the comparatively high reaction performance of the
flat cell reactor is mainly caused by its higher A/V ratio. The reaction rates of flat cell and
batch reactor show similar magnitudes; however, for the batch reactor, these are achieved
with significantly lower irradiation powers. The immersion rotary body reactor shows
overall about a 2–3 times lower reaction rate even at significantly higher irradiation powers
than the batch reactor.
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The EE/O values were calculated for all experimental steps using the mean 1st order
reaction constant of every micro-pollutant. The result is shown in Figure 8 for all micro-
pollutants and the three reactor types at similar radiation power per hydraulic volume.
The lowest EE/O values of 5–10 kWh/m3 were achieved for benzotriazole and diclofenac
within the batch and flat cell reactor. Within the batch reactor, the other investigated
substances were degraded with EE/O values of 10–20 kWh/m3. For the immersion rotary
body reactor, overall higher EE/O values were measured ranging from 30 to 60 kWh/m3.
The flat cell showed the biggest substance specific range of energy demand with values
from 5 to 50 kWh/m3.
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In Figure 9, the mean EE/O values for every experiment are shown in relation to
the LED power depicted as the electrical irradiation power per hydraulic volume. For all
three reactors, lower EE/O values were archived when using lower radiation lowers and
consequentially higher treatment durations. This effect resulted in a 25–45% reduction in
energy consumption. Significant differences are evident in the overall energy efficiency of
the investigated reactor systems. The batch reactor achieved the lowest EE/O values of
11.8–15.9 kWh/m3. The EE/O values of the flat cell and immersion rotary body reactor
were 2–3 times higher. Analogous to Figure 7A similar values at overlapping radiation
powers are indicated by the curve progression of batch and flat cell reactor.
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Given the use of similar catalyst material, wastewater samples, and reactor parameters,
this result must be significantly influenced by the geometrical arrangement of the catalyst
and associated hydraulic impacts. Within the immersion rotary body reactor, the catalyst is
only periodically submerged within the medium. The catalyst within the batch reactor is
permanently submerged. The hydraulic volume below the catalyst is in a turbulent state
due to the magnetic mixer. In the flat cell reactor, the fluid is forced through the catalysts
grid via the pressure gradient of the inlet pump. Based on these results, a submerged
arrangement of catalysts proves beneficial in terms of energetic efficiency, whereby no
difference could be found between external sources of turbulence and flow path through
the catalysts mesh itself.

The energy demand for variable mean degradation rates was calculated based on the
experimental results of all reactor types (Figure 10). For all reactors, the 1st order constant,
which resulted in the lowest EE/O value, was chosen for calculation. Typical treatment
target values, as described within the introduction, are indicated graphically. Using the
batch reactor, a 75% degradation rate can be achieved with an electrical energy input of
7000 Wh/m3. The flat cell and immersion rotary body reactor had an energy demand
of 12,000–14,000 Wh/m3 to achieve a similar degradation. However, following the trend
described in Figure 9, values similar to the batch reactor are to be expected when using the
flat cell reactor with lower radiation intensities.
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Compared to the state of the art, with typical values of 100–300 Wh/m3, further im-
provement is still needed to achieve a beneficial use of photocatalytic technics. However,
compared to the immersion body reactor, significant improvement in energetic efficiency
could be achieved at a laboratory scale. When comparing the results to previous measure-
ment of EE/O values within wastewater, similar EE/O values were achieved within the
immersion rotary body and flat cell reactor system [20]. The results of the batch reactor
test showed an overall improvement in energetic efficiency with EE/O values ranging
from 5 to 20 kWh/m3. When comparing the EE/O values aggregated in [12], signifi-
cantly lower energy demands (up to 240 Wh/m3) were measured for the degradation of
various indicator substances (e.g., methylene blue, methylene orange, malachite green).
However, a comparability of results is not given due the use of ultra-pure water and the
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increased degradation affinity of these indicator substances. In [28], an energy demand of
38–47 kWh/m3 was determined for the degradation of phenol within secondary effluent
using suspended TiO2 catalysts.

4. Conclusions

In this work, the degradation performance for the photocatalytic oxidation of eight
micro-pollutants with real secondary effluent was investigated using three different reactor
designs. Flat cell and batch reactor showed similar substance specific degradation behav-
iors. Within the immersion rotary body reactor, benzotriazole and methyl-benzotriazole
showed a significantly lower degradation affinity. The flat cell reactor achieved the highest
mean degradation rate due to its high catalysts surfaces to hydraulic volume ratio. The
EE/O values were calculated for all micro-pollutants as well as the mean degradation
rate constant of each experimental step. The lowest substance specific EE/O values of
5 kWh/m3 were measured for benzotriazole within the batch reactor. The batch reactor
also reached the lowest mean values (11.8–15.9 kWh/m3) followed by the flat cell reactor
(21.0–37.0 kWh/m3) and immersion rotary body reactor (23.9–41.0 kWh/m3). Catalyst
arrangement and irradiation power were identified as major influences on the energetic
performance of the reactors. A high catalyst surface to hydraulic volume ratio, which led to
high degradation rates within the flat cell reactor showed no beneficial impact on energetic
efficiency. A treatment according to existing treatment goals of wastewater treatment plants
can be achieved using the batch reactor with a calculated energy demand of 7000 Wh/m3.
Compared to existing literature values, an improved energetic efficiency was measured for
the batch reactor configuration. This highlights the potential of this reactor type within pho-
tocatalytic wastewater treatment. However, a major difference compared to the energetic
efficiency of ozonation and activated carbon still persists.

As mentioned in the introduction, the batch and flat cell reactor types were only
developed on a laboratory scale. Especially in terms of radiation, transport optimizations,
such as equalizing radiation fields, minimizing absorption of the liquid and reflections,
are possible. Therefore, further research work regarding these reactor types is necessary.
Following the results of [29], further increases in efficiency seem possible, when integration
controlled periodic illumination (CPI) within the reactor systems. When comparing the
energy demand with the state of the art (especially ozone oxidation), it also needs to be
mentioned that a direct comparability is not given due to deviating oxidation, transforma-
tion, and mineralization characteristics of each reaction cascade. The beneficial effect of
AOP on the formation of transformation products as described in [30] needs to be seriously
considered when comparing treatment options.
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perspectives on photocatalytic reactors for water treatment. Water Res. 2021, 202, 117421. [CrossRef]
15. Mecha, A.C.; Chollom, M.N. Photocatalytic ozonation of wastewater: A review. Environ. Chem. Lett. 2020, 18, 1491–1507.

[CrossRef]
16. Mehrjouei, M.; Müller, S.; Möller, D. A review on photocatalytic ozonation used for the treatment of water and wastewater. Chem.

Eng. J. 2015, 263, 209–219.
17. Benotti, M.J.; Stanford, B.D.; Wert, E.C.; Snyder, S.A. Evaluation of a photocatalytic reactor membrane pilot system for the removal

of pharmaceuticals and endocrine disrupting compounds from water. Water Res. 2009, 43, 1513–1522. [CrossRef]
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